D-Amphetamine (AMPH) was effective in a number of studies on motor and language recovery after stroke, but given safety concerns, its general use after stroke is still debated. Most stroke patients are excluded from treatment because of a significant risk of cardiovascular dysregulation. AMPH acts on multiple transmitter systems, and mainly the noradrenergic actions are related to the cardiovascular effects. If AMPH's cardiovascular and arousal effects were correlated with its plasticity-enhancing effects in humans, this would imply that desired and undesired effects are inevitably tied. If not, improved cerebral reorganization may not be mediated by AMPH's arousing effects and could be achieved with substances lacking the undesired cardiovascular effects. As a model for language recovery after stroke, we used a prospective, randomized, double-blind, placebo-controlled design and taught 40 healthy male subjects an artificial vocabulary of 50 concrete nouns over the course of five consecutive training days (high-frequency training). The associative learning principle involved higher co-occurrences of 'correct' picturepseudoword pairings as compared to 'incorrect' pairings. Subjects received either AMPH (0.25 mg/kg) or placebo 90 min prior to training on each day. Novel word learning was significantly faster and better in the AMPH as compared to the placebo group. Increased learning success was maintained 1 month post-training. No correlation was found between training success and drug-induced increases in blood pressure, heart rate, or a facilitation of simple motor reaction time. Our data show that AMPH's plasticity-enhancing effect in humans is not related to its cardiovascular arousal. This suggests that the beneficial effects in stroke patients could also be obtained by less cardiovascular active drugs.
INTRODUCTION
Over the past decade, there has been an increasing interest in drugs enhancing brain plasticity after stroke. Animal work and clinical trials with stroke patients indicate that pharmacological interventions coupled with intensive behavioral training can enhance recovery after stroke (for a summary, see Gladstone and Black, 2000) .
When coadministered with behavioral training and in sufficient doses, 1 the most promising drug in both motor (Crisostomo et al, 1988; Walker-Batson et al, 1995) and language (Walker-Batson et al, 1992; Walker-Batson, 2000; Walker-Batson et al, 2001 ) recovery after stroke has so far been AMPH (for a recent review, see Martinsson and Eksborg, 2004) . Details of the mechanism are not fully understood. Based on animal studies, however, it is assumed that AMPH increases general brain excitability through its noradrenergic actions (Boyeson and Feeney, 1990; Feeney et al, 1982; Feeney and Hovda, 1985; Hovda and Feeney, 1984) and thus supports the formation of new neural networks under conditions of intense sensory stimulation (Goldstein, 1999; Groves and Rebec, 1976) . Therefore, cardiovascular dysregulation like elevated systolic blood pressure and heart rate, resulting from the increased noradrenergic drive, is often considered the flip side of the plasticity-enhancing effect of amphetamine (Goldstein, 1997; . These critical cardiovascular side effects and a trend towards increased mortality 2 in stroke patients leave only a fraction of stroke patients eligible for treatment with AMPH. In a recent study by Walker-Batson et al (2001) , a mere 2.5% of available stroke patients qualified for treatment. Among the most frequent exclusion reasons was evidence of hemorrhagic stroke, because a sudden increase in blood pressure following AMPH presents a major risk factor for a stroke relapse. No study with humans to date has examined, however, whether cardiovascular side effects and plasticity-enhancing effects of AMPH are correlated, that is, whether the increase in blood pressure is directly related to the extent of successful learning.
AMPH modulates a variety of neurotransmitter systems of the brain other than noradrenaline, particularly dopamine (Cardenas et al, 2004; Groves and Rebec, 1976) . Dopamine seems to be effective not only in enhancing working memory in healthy subjects (Barch, 2004 ) and ameliorating cognitive deficits in the early stages of Parkinson's disease (eg Kulisevsky, 2000) but also in motor recovery after stroke in humans (Scheidtmann et al, 2001) and in boosting of language learning in healthy subjects (Knecht et al, 2004) . Even though a small fraction (o5%) of levodopa is hydroxylated to norepinephrine (Nutt and Fellman, 1984) , the cardiovascular and plasticity effects of AMPH could thus be dissociated on a molecular level, with the dopamine effects being relevant for brain plasticity. If plasticity enhancement could be achieved without putting the patient at risk for cardiovascular side effects, the percentage of eligible stroke patients would increase dramatically.
Our aims were to investigate the plasticity-enhancing effects of AMPH on language acquisition in healthy adults and to examine the correlations between arousal effects, as assessed by cardiovascular and motor activations, on the other hand, and brain plasticity effects on the other. The association between putative dopaminergic effects, as assessed by motivation measures, and improvement of learning was also analyzed. Furthermore, we focused on language plasticity because major therapeutic advances in the treatment of aphasia are lacking and because of preliminary evidence that AMPH is a promising pharmacological adjunct to language therapy (Walker-Batson et al, 2001) . Even though we ran healthy subjects, our design serves as a model of language reacquisition after stroke. Associative learning presents one of the major principles underlying acquisition of a novel vocabulary in children and adults (cf Breitenstein and Knecht, 2003) , and we therefore developed a word-learning training program that was based on the principles of statistical learning. The study outcome will have obvious implications for functional recovery in aphasia after stroke, but will additionally open new perspectives for the development of future pharmacological options to enhance plasticity in stroke patients with deficits other than language.
MATERIALS AND METHODS

Subjects
A total of 40 healthy male subjects (20-33 years) participated in this prospective, randomized, double-blind, placebocontrolled trial with 20 valid cases in each group. Owing to the potentially hazardous effects of AMPH during pregnancy, only male subjects were included. The AMPHETA-MINE group was treated with 0.25 mg/kg bodyweight of AMPH. The PLACEBO group received a standard placebo substance (99.5% Mannitol, 0.5% Erosil) in identical capsules. Substances were administered 90 min prior to the language training on each of the five consecutive training days to achieve maximal blood plasma levels.
All subjects had completed the equivalent of a high school degree and were students recruited from the University of Münster, Germany. All participants were native German speakers and were raised in Germany. Subjects were righthanded, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) , and all were left-hemisphere dominant for language (Knecht et al, 1999) .
Exclusion criteria included bilingualism, a history of neurological, psychiatric, or cardiological diagnoses, chronic or acute diseases, intake of drugs affecting the central nervous system up to 2 weeks prior to study participation, consumption of recreational drugs as assessed by a urinary drug screening test, a urine pH-value 46.5, smoking of 415 cigarettes/day, or drinking 46 cups of coffee/day or of 450 g of alcohol/day, or known drug allergies. To control for acute effects of caffeine and nicotine, subjects were instructed to refrain from caffeine and cigarette consumption at least 2 h prior to training on every training day.
Subjects' written informed consent was obtained according to the declaration of Helsinki. The Ethical Committee of the University of Münster had approved the study.
A comprehensive battery of neuropsychological tests was administered to all subjects in a separate session prior to language training, comprising tests of general intellectual functioning, attention, verbal fluency, digit spans, verbal and visuospatial memory, and personality scales.
Protocol
We recently developed a high-frequency, intensive, associative word-learning model to study the neural mechanisms of language learning and language-related brain plasticity. Details of our training program are described elsewhere (Breitenstein and Knecht, 2002) . Briefly, from a set of 183 spoken pseudowords, 50 pseudowords were selected, which yielded few associations with existing words and were of neutral emotional valence. The selected pseudowords were paired with object drawings in a pseudorandomized manner, and each subject received a different combination of pairings. These auditory-visual pairs were used to train subjects solely on the basis of different frequencies of 'correct' and 'incorrect' pairings. The underlying learning principle is the higher statistical co-occurrence of certain couplings as compared to other pairings. The nature of our task should most appropriately be classified as an 'incidental associative learning' task. We chose incidental learning conditions to keep cognitive strategies relatively homogenous.
Subjects were trained every day for a duration of five consecutive days (see Figure 1 ). On each of the training days, they were presented with 400 trials of picturepseudoword couplings (separated by a break of 5 min after 200 trials). The training lasted for 30 min each day. Subjects' task was to decide on each trial whether the combination of pseudoword and picture was correct or incorrect. Learning reflects itself in increasing number of correct responses, deviating from the initial 50% chance level. On day 5, after the regular training session, subjects' ability to correctly translate the pseudowords into their native language was assessed. The latter task comprised two blocks of 200 trials each, in which the German names of the objects were acoustically presented in pairs with pseudowords (eg the word 'Kerze' [candle] was acoustically presented together with the pseudoword 'binu'). Subjects had to indicate by button press, if the German word was the correct translation of the respective pseudoword. This transfer task assessed if subjects had explicit access to the pseudoword meanings. Retention assessed 1 week and 1 month after the last training day. The retention sessions were included to assess if memory consolidation under the influence of AMPH has measurable effects on the stability of these memories weeks to months later, long after active metabolites have been cleared. Dependent variables were expressed as percentage of correct responses and reaction times.
To assess general motor arousal effects of AMPH, subjects were tested on a simple motor reaction time task with 100 trials prior to the language training on every day. The task consisted of pressing a button as quickly as possible after a tone was presented (65 dB, 1000 Hz). To assess cardiovascular arousal, blood pressure and heart rate were measured digitally every 30 min (bose medicus memory; Bosch, Germany), starting with the subject's arrival on a given training day.
Furthermore, to assess effects on motivation as a correlate of dopaminergic AMPH effects, subjects rated their subjective positive and negative feelings, using the Positive and Negative Affective Schedule every 30 min on a given training day (PANAS: Watson et al, 1988; German version: Krohne et al, 1996) . The PANAS consists of two 10-item mood scales, which measure the dimensions Positive Affect (high score: a state of high energy; low score: sadness and lethargy) and Negative Affect (high score: state of distress; low score: state of calmness).
Data Analysis
Group differences on neuropsychological measures were analyzed using Bonferroni-corrected unpaired t-tests. Training data were analyzed using ANOVAs with a trend analysis on the repeated factors 'day' and 'block' and the between-subject factor 'group' (AMPHETAMINE, PLACEBO). For clarity of presentation, only significant effects involving the factor 'group' are reported. Post hoc group differences were analyzed using paired or unpaired t-tests, as appropriate. Correlations were examined using Bonferronicorrected Pearson correlation coefficients. The relationship between training success and measures of arousal or mood was additionally explored using a stepwise multiple regression analysis (forward entry; entry criterion: po0.05).
RESULTS
There were no baseline group differences with respect to age, body weight (range: 65-90 kg), daily consumption of nicotine and caffeine, number of languages spoken fluently, neuropsychological (cf Table 1 ) or personality scale test scores. There were no serious adverse reactions to the drug. 
Language Training
Learning speed was significantly accelerated in the AMPHETAMINE group compared to the PLACEBO group (group Â day: linear trend, F(1, 38) ¼ 8.21, po0.001; cf Figure 2 ). Group differences were already noted on day 1 (block 2), and the group difference grew increasingly larger the following training days (all t (38) 42.17, all po0.04). The AMPHETAMINE group also significantly outperformed the PLACEBO group at the two retention sessions 1 week and 1 month post-training (main effect of group, F(1, 38) ¼ 24.83, po0.001). 12 subjects in the AMPHETAMINE and nine subjects in the PLACEBO group could also be recruited for a third retention session after more than 1 year. Performance in both groups had deteriorated, but was still better than would have been expected by chance. Most importantly, group differences remained significant (main effect of group: F(1, 19) ¼ 6.21, p ¼ 0.02; see Figure 2 ). As shown in Figure 2 , both groups showed successful transfer from visual to spoken material. Again, performance in the AMPHETAMINE group was superior to the PLACEBO group (main effect of group: F(1, 38) ¼ 17.16, po0.001).
There were no significant correlations between training success (day 5 minus day 1) and neuropsychological background measures or daily caffeine consumption for either group (see Table 1 ). With respect to habitual smoking status, however, we did observe a correlation between training success and number of cigarettes smoked daily in the AMPHETAMINE group (but not in the Placebo group). The correlation was negative (Spearman rank correlation coefficient: r ¼ À0.53, p ¼ 0.02), indicating that heavy smokers were poorer learners in the AMPHETAMINE group. This implies that group differences in language learning success may have been even more pronounced, if we had only included nonsmokers.
Response times during the language task decreased significantly across training days, but there were no significant effects involving the factor 'group'. The above reported group difference in steepness of the learning curves could therefore not be explained by group differences in accuracyspeed tradeoff.
General Drug Arousal: Response Styles
To determine whether the accelerated learning speed of the AMPHETAMINE group could be explained with a more risky, response style as part of the general drug arousal effect (eg more 'yes' responses' leading to more errors of the 'false alarm' type), subjects' responses were classified into hits, correct rejections, false alarms, and misses. An ANOVA with the factors response type (4) by day (5) Â group yielded a significant three-way interaction (linear trend, F(1, 38) ¼ 5.73, p ¼ 0.02). Post hoc analyses showed that the linear increase of hits and the decrease of misses across days was steeper for the AMPHETAMINE compared to the PLACEBO group (linear trend, both F(1, 38) 44.00, po0.05; see Figure 3) . Furthermore, the groups significantly differed on percent of hits and misses on days 2-5 (all po0.02). The result of a selective improvement in detection of 'correct' couplings demonstrates that AMPH specifically heightened subjects' sensitivity to the frequency principle of the task.
Motor Arousal
Simple motor reaction times. The response times for the AMPHETAMINE group decreased linearly from day 1 to day 5, whereas no change was observed in the PLACEBO group (day Â group: linear trend, F(1, 38) ¼ 5.55, p ¼ 0.02). Group differences were noted on days 4 and 5 and persisted at both the 1-week and 1-month retention sessions (all t (38) 4|2, 11|, po0.05). Correlations between the decrease in simple motor reaction time (day 1 minus day 5) and the improvement on the language training (day 5 minus day 1) were not significant for either group (ro0.21).
Cardiovascular Arousal
Systolic and diastolic blood pressures. Initial systolic and diastolic blood pressures, assessed approximately 1 week prior to language training, were not different for the two groups (systole: means of 124 and 125, respectively; diastole: means of 74 and 75, respectively).
For diastolic blood pressure, no group differences emerged during training days. For the AMPHETAMINE group, systolic blood pressure increased over the 120 min of all sessions, whereas no change was seen in the PLACEBO group (sample Â group: linear trend, F(1, 38) ¼ 8.77, po0.001). Group differences were significant at 30, 60, 90, and 120 min post-drug ingestion (all t (38) 42.13, po0.05). There were, however, no significant correlations between systolic blood pressure increase over the 120 min of training and language learning success (day 5 minus day 1) for either group (ro|0.21|).
Heart rat. The AMPHETAMINE group showed an increase in heart rate over the 120 min after drug ingestion, while the PLACEBO group demonstrated a significant decrease (sample Â group: linear trend, F(1, 38) ¼ 10.79, po0.001). Groups differed at the 120 min sample only (t (38) ¼ 3.09, po0.01). There were no significant correlations between heart rate changes across the 120 min of training and language learning success (day 5 minus day 1) for either group (ro|0.05|).
Mood Measures
Positive feelings. There were no baseline group differences in positive feelings on the first sample of day 1 prior to first substance ingestion. Groups differed significantly in their positive ratings across the samples taken within each session (sample Â group, linear trend, F(1, 38) ¼ 14.71, po0.001). Follow-up analyses showed that positive feelings increased over the 120 min of given training session in the AMPHETAMINE group (linear trend, F(1, 19) ¼ 12.54, po0.001), whereas there was no significant change in the PLACEBO group (trend towards a decrease of positive feelings, p ¼ 0.09). The change in positive ratings (last sample minus first sample) correlated significantly with the learning success (day 5 minus day 1) in the AMPHETA-MINE group only (r ¼ 0.59, p ¼ 0.006). Furthermore, when repeating the above reported ANOVA of day by block by group for the learning rates and using the change in positive ratings as covariate, the group difference in learning rate was no longer significant. This elegantly demonstrated the effect of enhanced motivation on learning success.
Negative feelings. There were no baseline differences between groups on day 1. Groups differed in ratings of negative feelings across training days (day Â group: quadratic trend, F(1, 38) ¼ 6.17, p ¼ 0.01). The AMPHETAMINE group showed a decrease in negative feelings from day 1 to day 4 (quadratic trend, F(1, 19) ¼ 10.37, po0.001), whereas there was no systematic change in the PLACEBO group. Changes in negative feelings were not related to learning success on the language task for either group (ro0.28).
Best Predictor of Learning Success
To examine which of the arousal or mood measures was the single best predictor of improvement in the artificial language acquisition program, a multiple regression analysis was conducted separately for each group. Training improvement from day 1 to 5 was used as the dependent variable, and the arousal measures (changes in simple motor time, systolic blood pressure, heart rate) and mood scores (changes in PANAS positive and negative ratings) scores served as predictor variables (see Figure 4 for correlations between arousal or mood measures and training success). This analysis revealed that training improvement was selectively predicted by an increase in positive mood rating, operating exclusively in the AMPHE-TAMINE group and explaining 35% of the variance in language learning (R 2 ¼ 0.35, b ¼ 0.59, F ¼ 9.71, p ¼ 0.006). The remaining predictor variables did not significantly contribute to the residual variance.
DISCUSSION
Our results demonstrate the efficacy of AMPH to enhance language plasticity in humans. AMPH not only accelerated learning across the five training days but also led to a superior retention of the acquired new vocabulary over the 1-month retest period. Only five of the 40 subjects became aware of the underlying frequency principle, indicating that the associations were picked up intuitively by the majority of the subjects. The transfer test demonstrates, however, that subjects had explicit access to the correct translations of the pseudoword into their native language. Overall, our results corroborate (a) previous results on positive effects of AMPH in healthy subjects on verbal memory (Soetens et al, 1993; Soetens et al, 1995) , attention and working memory performance (Mattay et al, 2000; Servan-Schreiber et al, 1998) , reasoning (Mattay et al, 1996) , response times during the Wisconsin Card Sorting Test (Mattay et al, 2003) , and procedural learning (Kumari et al, 1997) and (b) recent evidence in stroke patients that AMPH boosts language acquisition (Walker-Batson et al, 2001) .
Our study design allowed to disentangle effects generally related to noradrenergic drive, like cardiovascular and motor arousal, from learning-specific mechanisms underlying the observed enhanced language plasticity. Arousal effects were speeding of simple motor reaction times or increases in systolic blood pressure (B8 mmHg) and heart rate (B5 beats/min) in the AMPHETAMINE group. These drug-induced arousal effects were, however, not correlated with the learning success during language training. The superior learning curves of the AMPHETAMINE group could not be explained with simple cardiovascular or motor arousal of AMPH.
D-Amphetamine boosts language learning C Breitenstein et al
This is in contrast to the findings in animals in which post-lesional AMPH-facilitated motor recovery has been related to its noradrenergic arousing actions (Goldstein, 1997) , based on a seminal series of animal experiments by Feeney (Boyeson and Feeney, 1990; Feeney et al, 1982; Hovda and Feeney, 1984) . In these studies, the plasticityenhancing effect could selectively be attributed to the noradrenergic system (Goldstein, 2003; Sutton and Feeney, 1992) . A crucial component for successful recovery was concomitant motor or visual experience in all studies. Positive effects of AMPH were even found when rats were merely allowed to move freely without a task-specific training schedule (Goldstein and Davis, 1990) . It is possible that noradrenergic actions are crucial in animal recovery models because they induce spontaneous motor (eg hyperactivity) (Feeney and Hovda, 1985) and visual explorative behavior. Without the activity-stimulating effect of noradrenaline, the animals may simply not move voluntarily in their cages between test sessions, thus restricting afferent input required for new neural network formation. It seems as if the spontaneous motor activity in the home cage was more important in providing afferent input for the reorganization process than the supervised sessions. The 'training program' frequently required a single beam-walking run per assessment only (Feeney et al, 1982) . Conversely, spontaneous motor activity is a less-important aspect in humans recovering from stroke symptoms, particularly with respect to language rehabilitation. Patients' cooperation is based on self-discipline, and the amount of afferent speech input is determined by the structure of the training program. With a high intensity of the training schedule, as in our language training approach, the amount of spontaneous (locomotor or language) activity between training sessions is less crucial for the overall outcome of functional recovery. In humans, as opposed to animals, general arousing effects of AMPH could therefore play a less-important role in functional recovery post stroke.
AMPH promotes the release of catecholamines from peripheral and central nerve terminals and, thus, serves as an indirect catecholaminergic agonist. The AMPH doses required to boost recovery affect mainly noradrenergic, dopaminergic, and, to a lesser extent, serotonergic neurotransmission (Hurwitz et al, 1991) . The design of our study does not allow to directly disentangle noradrenergic from dopaminergic effects of AMPH. However, our study indicates that the learning-enhancing effect of AMPH may not be primarily noradrenergic. The single best predictor of language learning success in our study was an increase in positive feelings in the AMPHETAMINE group. A series of recent studies has shown that AMPH-induced positive feelings were correlated with the amount of dopamine release in healthy humans Figure 4 Correlations between language training success (X-axis: day 5 minus day 1) and a reduction in simple motor time (top left corner), systolic blood pressure increases (top center), heart rate increases (top right), positive (bottom left) and negative (bottom right) mood ratings for the AMPHETAMINE and the PLACEBO groups. Note that the only significant correlation was between language learning success and positive ratings in the AMPHETAMINE group (lower left corner).
2003). This raises the possibility that other actions of AMPH underly the observed improvement of learning.
Antidepressants with noradrenergic effects are frequently used in poststroke rehabilitation. Their effect on cognitive recovery poststroke has not been studied systematically. Studies with healthy subjects generally suggest that noradrenergic actions mediate the influence of emotional arousal on memory consolidation (eg Southwick et al, 2002) , presumably through its action on the amygdala (McIntyre et al, 2003) . Data with healthy subjects, however, are not consistent, with some studies failing to observe enhanced memory consolidation for emotional material after selectively manipulating the noradrenergic system (Papps et al, 2002) . Of particular interest with respect to the opposing effects on memory performance with different noradrenergic substances (yohimbine vs reboxetine) is the fact that both substances increased heart rate compared to placebo (cf Papps et al, 2002) . This supports our conclusion that AMPH's effects on memory consolidation are independent of its arousal effects. Studies on depression and anxiety most consistently support the view of an overactivation of the noradrenergic systems (Ressler and Nemeroff, 2000) , and the resulting cortical dysregulationFpresumably involving other transmitter systemsFmay contribute to impaired attention and memory (Ressler and Nemeroff, 1999) . Antidepressant treatment success is consequently attributed to a decrease of noradrenergic transmission in the hippocampus/amygdala system (Mongeau et al, 1997) . In summary, administration of antidepressants with noradrenergic effects to stroke patients may only affect emotional learning, and not general memory consolidation.
The relevance to language reacquisition in stroke patients with aphasia is the most important aspect of our model, but it is undoubtedly also problematic. There is no universally accepted standard treatment program for stroke patients suffering from aphasia. Word finding difficulties are generally treated by presenting patients with real or picture objects, together with the correct object label in written or spoken form (or a variety of related visual and acoustic cues). A treatment goal is that the patient is able to generate the correct object label spontaneously. Our model was designed to structurally match this standard rehabilitation approach, based on the understanding that 'techniques most successful in normal subjects for solving a given task can be used as a starting point for implementing a therapeutic method for patients' (Basso et al, 2001, p 47) . We added another important feature, which makes our model particularly suitable for training stroke patients with reduced attentional capabilities. Owing to its incidental (associative) learning principle, the model is suitable for high-frequency training programs in brain-damaged populations. Recent experimental (Basso and Caporali, 2001; Pulvermuller et al, 2001 ) and review work (Bhogal et al, 2003a; Bhogal et al, 2003b; Robey, 1994) on aphasia therapy has suggested that training intensity may in fact play the most important role in predicting treatment success in aphasia. Furthermore, in a still-ongoing study, we collected the first evidence that some patients with aphasia may benefit from our word-learning model. A single training session with a nonfluent patient with chronic aphasia, who presented with anomia but relatively unimpaired performance in other cognitive domains, yielded a training success, which was significantly better than expected by chance.
In summary, we do not recommend the administration of AMPH as a general clinical practice in stroke therapy because of its cardiovascular side effects. Our results do, however, provide the basis for future studies systematically examining learning-enhancing drugs without cardiovascular side effects in the treatment of stroke with aphasia. For example, selective dopaminergic agents need to be studied to clarify whether the dopamine neuromodulatory system is in fact the molecular basis of the enhanced learning effect. A significantly larger percentage of stroke patients might be eligible for treatment by avoiding AMPH and using lessadverse drugs to promote restoration of cerebral functions.
